The Henry reaction of enantiopure 4-oxoazetidine-2-carbaldehydes with nitromethane was catalyzed by (+)-N-methylephedrine [(+)-NME] as well as (-)-NME, to give the corresponding nitroaldols with reasonable yields and moderate diastereoselectivities. The obtained results implied that (2R, 3R)-4-oxoazetidine-2-carbaldehydes and (+)-NME are a matched pair for diastereoselective induction.
Introduction
The 2-azetidinone (β-lactam) skeleton is well established as the key pharmacophore of β-lactam antibiotics, the most widely employed class of antibacterial agents. 1 In addition, there are many important nonantibiotic uses of 2-azetidinones in fields ranging from enzyme inhibition 2 to gene activation. 3 Apart from their clinical interest, the use of β-lactams as versatile synthons for the preparation of compounds of biological relevance, such as α-and β-amino acids, alkaloids, heterocycles, and taxoids, 4 has triggered a renewed interest in the building of new β-lactam systems. In addition, the chiral β-amino alcohol moiety is a common structural fragment in numerous biologically important molecules such as dipeptide isosteres, statine and its analogues. The presence of this moiety and the configuration of the carbon atom bearing the hydroxy as 
Scheme 2
Due to environmental concerns, there is a need for metal-free chemistry. As a consequence, organocatalysis has emerged as a new tool to efficiently perform organic reactions with high enantio-and diastereoselectivity under very mild and simple conditions.
12 From a wide variety of known organocatalysts, perhaps the most remarkable is proline. Not only has this compound been studied more extensively than the others, as the first example of an organocatalyst, it is also an abundant and inexpensive chiral molecule available in both enantiomeric forms. Proline has thus become one of the most widely used organocatalysts today. In view of our previous results on the direct catalytic asymmetric aldol reaction of β-lactam aldehydes, 10 we decided to examine the feasibility and efficiency of the proline-catalyzed nitroaldol reaction of enantiopure 4-oxoazetidine-2-carbaldehydes 1. Unfortunately, proline was unable to promote this nitroaldol reaction (Table 1, entry 1) . Interestingly, however, (+)-NME itself was capable of promoting the Henry reaction between β-lactam aldehyde (+)-1a and nitromethane (Table 1 , entry 2) in a slightly higher diastereoselectivity than using Palomo's conditions. 11 Consequently, NME was selected as the catalyst of choice for all further reactions. Subsequently, it was found that 4-oxoazetidine-2-carbaldehydes 1b-e reacted with nitromethane using (+)-NME catalysis under standardized conditions to yield β-lactam nitroaldols 4b-e (Table 1) . Since no total asymmetric induction is observed for the reaction of aldehydes 1 with nitromethane in the presence of catalytic amounts of (+)-NME, it was decided to see the effect of the chirality of NME on the nitroaldol process. However, slightly lower stereoselectivity was obtained using (-)-NME. A representative selection of 4-oxoazetidine-2-carbaldehydes 1 was evaluated and the results are gathered in Table 1 . No partial inversion of configuration was involved in the transformation of aldehydes 1 to nitroaldols 4. The assignment of the cis-configuration to β-lactams 4 was based on the observed coupling constants of about 5.0 Hz for methine protons H3 and H4, whereas trans-configuration is consistent with methine coupling constants of ca. 2.0 Hz in their 1 H NMR spectra.
Derivatizing the nitroalcohols 4 with (R)-and (S)-O-acetylmandelic acids would allow the assignment of the configuration at the carbinolic stereocenter. However, sluggish and low yielding reactions were observed. This behavior of the 2-azetidinone-tethered nitroaldol adducts resembles our results with β-lactam aldols, 10 which is in sharp contrast with the good yields observed by us for related O-acetylmandelates derived from homoallylic or α-allenic alcohols.
14 Fortunately, the configurational assignment for the nitroaldol series was established by X-ray crystallography of the adduct syn-(+)-4e ( Figure 1 ).
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Figure 1
It is apparent, that face selectivity for addition to the carbonyl group is preferentially dictated by the absolute configuration of the chiral aldehyde. The observed slightly higher selectivity for the (+)-NME-catalyzed reaction of 4-oxoazetidine-2-carbaldehydes can be rationalized as the cumulative effect of steric inhibitions posed by the chiral aldehyde and the facial preference of the organocatalyst (favored, match). The slightly poorer selectivity encountered in the case of (-)-NME could be explained due to the opposite preference of the β-lactam aldehyde and the organocatalyst (disfavored, mismatch).
Conclusions
The present study provides the first insight into the asymmetric manner in which 4-oxoazetidine-2-carbaldehydes and nitromethane undergo an organocatalyzed coupling to give nitroaldol adducts, being the β-lactam aldehyde/(+)-NME couple a matched pair for diastereoselectivity induction. 
Preparation of 4-oxoazetidine-2-carbaldehyde (+) (1e).
To a solution of the acetonide β-lactam (+)-3 (1 mmol) in acetonitrile (10 mL) containing a few drops of water, was added solid BiCl 3 (0.05 mmol) in a single portion. The resulting mixture was stirred at room temperature for 24 h, and then was neutralized with solid NaHCO 3 . The mixture was extracted with ethyl acetate (3 x 40 mL), the organic layer was dried (MgSO 4 ) and the solvent was removed under reduced pressure. Then, saturated aqueous sodium hydrogen carbonate (100 µL) was added to a solution of the corresponding diol (1.00 mmol) in dichloromethane (6 mL), maintaining the temperature below 25 o C. Solid sodium periodate (2.00 mmol) was added over a 10 min period with vigorous stirring and the reaction was allowed to proceed for 2 h, while the temperature was maintained below 25 o C. The solid was removed by filtration, the filtrate was dried (MgSO 4 ) and the solvent was removed under reduced pressure. The crude product was used for next step without any further purification. (15 µL) , and the slurry was stirred for 1 h at 25 °C. (1S,2R)-(+)-NMethylephedrine (16.1 mg, 0.09 mmol) was then added, and the resulting yellow mixture was stirred for an additional 1 h at room temperature. After cooling the mixture to -24 °C a solution of the appropriate 4-oxoazetidine-2-carbaldehyde 1 (0.2 mmol) in CH 3 NO 2 (50 µL) was slowly added, and the mixture was stirred at the same temperature for 48 h. The reaction was quenched with a saturated aqueous solution of NH 4 Cl (0.2 mL), and was allowed to warm to room temperature. The mixture was extracted with ethyl acetate, and the combined organic layer was washed with saturated NH 4 Cl. The organic layer was dried with MgSO 4 and filtered, and the solvent was removed by evaporation. The crude product was purified by column chromatography to give the corresponding nitroaldol. 
4-Oxoazetidine-2-carbaldehyde (+) (1e
